The intracellular synthesis and integration of viral DNA (vDNA) into the host cell genome was studied in cultured chicken embryo fibroblasts infected with avian sarcoma or leukemia viruses. The newly synthesized vDNA was detected by hybridization with 70S viral RNA. Extraction of infected cell DNA by the selective procedure of Hirt resulted in the enrichment of newly synthesized vDNA in the low molecular weight supernatant fraction while leaving the bulk of cellular DNA containing integrated vDNA in the high molecular weight pellet fraction. This approach led to detection of intracellular vDNA synthesis within 1 h after infection and to vDNA integration into cellular DNA within 24 h. There was a several-fold increase in the vDNA content of infected cells during the initial phase of virus infection. But only a part of this newly synthesized vDNA appeared to become covalently linked with high molecular weight cellular DNA. Most of the remaining unintegrated vDNA gradually disappeared. The sedimentation profiles of minimally sheared cellular DNA in alkaline sucrose velocity gradients suggest that vDNA is synthesized as free linear molecules of approximately 3 x 106 daltons which subsequently are covalently linked to host cell DNA.
The replication of RNA tumor viruses (oncornaviruses) via a DNA intermediate is well documented (19) . The intracellular presence of the proviral DNA (vDNA) has been confirmed by genetic (10, 11) and biochemical evidence (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) 20) . Recent evidence from this laboratory and from other workers has indicated the covalent linkage of oncornavirus vDNA to host cell DNA (2-8, 13, 21) . Since the components necessary for this process (RNA template and primers, reverse transcriptase) are enclosed within the virion, the synthesis of vDNA should take place in the early phase of virus infection (19) . Some support for this expectation had been provided by studies indicating that iododeoxyuridine (IUdR) may be incorporated into vDNA within 1 h after virus infection (1) , and by autoradiographic detection in the cell nucleus of 3H-labeled parental viral RNA also within 1 h after infection (7) .
The present study was undertaken to obtain some information about the intracellular synthesis of vDNA and its integration with cellular DNA. The synthesis of vDNA after infection of cultured chicken embryonic fibroblasts (CEF) with avian myeloblastosis virus (AMV) or sarcoma viruses (RSV) was monitored by hybridization of purified AMV 70S RNA with cellular DNA extracted at various time intervals after infection. The fractionation of DNA from infected cells into high molecular weight and low molecular weight components by the selective procedure of Hirt (12) made possible the separation of nonintegrated and integrated vDNA. This procedure had been successfully used to obtain similar information about SV-40 DNA integration (6, 17) . The integration of vDNA into cellular DNA was verified by alkaline sucrose velocity sedimentation of minimally sheared cellular DNA as described earlier (13) . The integrated vDNA sedimented with high molecular weight cell DNA, whereas the unintegrated free vDNA sedimented with low molecular weight DNA. These results are in agreement with a recent publication of Varmus et al. (21) in which the authors demonstrated unintegrated vDNA early after infection of mouse or duck cells by RSV and integrated vDNA in transformed cells.
MATERIALS AND METHODS
Cells. CEF were cultured from individual 10-dayold embryonated eggs of White Leghorn, cross K-137, or its subline SPF-K-137, purchased from Kimber Farms of California (3). The growth medium consisted of modified Eagle medium, 10% tryptose phosphate broth, and 5% each of fetal calf and chicken sera. Because of possible congenital infection or spontaneous production of avian leukosis viruses (ALV) in apparently normal chicken embryonic cells (10, 23, 24) , all cell cultures were tested for ALV production (3) (1, 9) . The input multiplicity of infection (MOI) of PR-RSV(A) determined from the focus forming titer (22) and from the cell number per plate was either 2 or 4 focus forming units (FFU) per cell in an inoculum volume of 0.2 ml of growth medium without serum.
Isolation and fractionation of cellular DNA. The extraction and purification of cellular DNA for DNA-RNA hybridization have been described (3, 5) . The Hirt fractionation of large and small molecular weight cellular DNA with 0.6%c sodium dodecyl sulfate (SDS) and 1 M NaCl at 0 to 4 C, followed by centrifugation, has also been described (12, 17 (5) .
RESULTS
Intracellular synthesis of vDNA. The vDNA content of CEF infected with AMV or PR-RSV was measured at various time intervals after infection by hybridization with 3H-labeled 70S AMV RNA (3, 5, 15) . The absence of an accidental oncornavirus contamination was checked at the beginning and at the end of each experiment in uninfected CEF from the same embryo cultured under the same conditions as the experimentally infected cells. These uninfected cells also served as controls for endogenous vDNA content (3, 15) .
After infection of CEF with PR-RSV(A) at an input MOI of 2 FFU per cell, the synthesis of oncornavirus-specific DNA sequences can be detected within 12 h, appears to continue up to 36 h, and is followed by a slight but repeatedly observed drop in vDNA content per infected cell 72 h after infection ( Table 1 ). The continuous synthesis of vDNA for 36 h reflects either (i) asynchronous initiation of replication, or (ii) several cycles of vDNA synthesis.
vDNA synthesis early after infection. If vDNA is synthesized as relatively small molecules, it should be found in the Hirt supernatant fraction before its integration into cellular DNA. Extraction of DNA from infected cells by the Hirt procedure (12) which separates small and large molecular weight DNA molecules should also facilitate the detection of vDNA by virtue of the several-fold concentration of small molecular weight DNA in the supernatant fraction. CEF were infected with PR-RSV at an MOI of 2 FFU per cell and were subjected to Hirt fractionation at various time intervals between 1 and 24 h after infection. A twofold increase in the vDNA content of the Hirt supernate was noted at 9 h postinfection ( Table  2) . Further increase in vDNA content of the small DNA fraction continued to occur up to 24 h, when the experiment was terminated. The vDNA content of the Hirt pellet, presumably representing integrated vDNA, did not show an appreciable increase up to 24 h.
To ensure the simultaneous infection of all the cells and facilitate the earlier detection of newly synthesized vDNA, cells were infected at a higher multiplicity of input virus with leukemic chick plasma which contains high infectious titers of AMV (108 to 109 infectious units of virus per ml of plasma) (4). AMV is capable of productive infection but not of morphological transformation in CEF (4) . Table 3 shows the appearance of AMV specific DNA in the Hirt supernatant fraction of CEF infected with leukemic plasma diluted two times. A good separation of the small and large DNA species resulting in a much greater enrichment (nearly 15- fold) of small DNA in the supernatant fraction and perhaps the high MOI enabled us to detect (Table 4 ). The amount of vDNA recovered in the Hirt supernate increased for about 48 h and then decreased. There was a rise in the concentration of vDNA in the Hirt pellet for about 72 h, after which time it remained relatively constant. The comparable concentrations of vDNA in unfractionated cell DNA and in pellet DNA might result from the loss of newly synthesized unintegrated vDNA if DNA extraction and purification is carried out with unfractionated cells.
A similar pattern of vDNA synthesis and distribution in the pellet and the supernatant fractions also appears to occur in CEF infected with AMV (Table 5 ). With both AMV and PR-RSV the de novo synthesis of vDNA appears to take place for only a few days after infection. The data presented in Tables 2 to 5 also show that the pattern of vDNA synthesis and integration appears to be similar for RSV and AMV irrespective of the fact that RSV can transform CEF whereas AMV cannot.
Integration of vDNA into the host cell genome. The presence of newly synthesized vDNA in the Hirt pellet does not seem to result from entrapment. This is demonstrated by the absence of newly synthesized vDNA in the pellet at the early stages of infection, and by the constant amount of vDNA in the Hirt pellet even at later stages in infection when the vDNA content of the Hirt supernate is decreasing.
The size distribution of DNA in the Hirt pellet and of that in the Hirt supernate was determined by alkaline sucrose velocity sedimentation (Fig. 1) . The single-stranded pellet DNA had a broad size distribution with an average sedimentation coefficient of about 34S, whereas the supernate DNA formed a sharper peak at approximately 13S. The separation point between the two fractions was approximately 20S and from Studier's relationship for estimating the molecular weight of DNA in alkaline sucrose (18) , this corresponds to denatured DNA molecules of approximately 2.8 x 106 daltons.
The nature of the association of vDNA with host cell DNA in the Hirt pellet was investigated by alkaline sucrose velocity sedimentation of minimally sheared DNA from infected cells. Cells infected 60 h earlier with PR-RSV at 82,500 x g (Fig. 2) . The gradients were collected an input multiplicity of at least 2 FFU per cell from the top, and divided into five fractions were lysed directly on top of alkaline sucrose according to their sedimentation coefficient valgradients (13, 17) and were centrifuged for 6 h at ues. As found in a previous study (13) detected within 1 h after virus infection. Because of its relatively smaller size, the newly synthesized vDNA can be partially separated from the bulk of cellular DNA by the Hirt fractionation procedure (12) . Extraction of DNA by this method results in a several-fold enrichment of vDNA in the supernatant fraction, thereby facilitating the early detection of small increases in the viral DNA content of infected cells. For example, the 15-fold increase of vDNA in the Hirt supernate, seen 1 h postinfection in Table 3 , would have amounted to only an insignificant increase of about 67 counts per min per 100 ,ug of DNA if DNA from unfractionated cells had been tested. The appearance of newly synthesized vDNA within 1 h after infection is in agreement with the report of Bader (1) . These findings are also consistent with the report by Salzberg et al. (16) indicating that, in the murine system, the transcription of virus specific RNA from vDNA can be detected within 6 to 7 h after infection.
In these experiments it cannot be determined whether several copies of proviral DNA can be made directly from one RNA subunit or by vDNA directed vDNA synthesis. It appears, then either integrated or diluted by cellular mulhowever, that de novo proviral DNA synthesis tiplication and perhaps degraded. (21), who arrived at the same conclusion using different experimental approaches.
Approximately 50% of the total vDNA synthesized after infection seems to be integrated. Also, dif'ferent embryos from the same chicken species contain a similar average cellular amount of vertically transmitted vDNA sequences and after AMV inf'ection most leukemic cells contain approximately the same average number of vDNA copies. These facts suggest that there may be a limited number of integration sites. Another explanation for limited integration could be that only part of' the total vDNA synthesized is suitable for, or capable of, integration. This includes the possibility of' uneven and disproportionate intracellular transcription of viral RNA into DNA resulting in the accumulation of' excessive amounts of some part(s) of the viral genome.
Although it is difficult to estimate the size of the vDNA transcripts from the data presented, partly because of the low resolution in the alkaline gradients, the present findings are compatible with the hypothesis that vDNA is synthesized as individual transcripts of the 35S viral RNA subunit. Covalent linkage of several molecules or circularization of a single molecule preceding integration, however, is possible and may be the reason for the sedimentation of some vDNA at higher S values.
